The Enhancer of split [E(spl
The embryonic nervous system of Drosophila differentiates from the neuroectoderm, which has been termed the neurogenic region (1, 2) . This cell layer is composed of precursors with neural and epidermal potential, the future neuro-and epidermoblasts, respectively. Upon differentiation and delamination, neuroblasts are thought to drive their neighboring cells via lateral inhibition into the epidermal fate (for a review, see ref. 3) . It has long been recognized that the initial steps of neurogenesis in Drosophila are under the genetic control of the neurogenic loci (1, 4) . Their gene products appear to be involved in the lateral inhibition process, which directs the neuroectodermal cells into their respective lineages (recently reviewed in refs. 5 and 6). Accordingly, numerous genetic interactions have been observed between several neurogenic loci, supporting their involvement in a common developmental pathway (4, 6) . One of these loci, Enhancer of split [E(spl)], was originally identified by virtue of an allele-specific interaction with another neurogenic gene (7) and was only later recognized to itself belong to the class of neurogenic loci (4) .
Molecular and genetic analyses have revealed that E(spl), in contrast to the other neurogenic genes, has a quite complex organization (summarized in refs. 5 and 6). Deletions within the E(spl) region, affecting several ofthe many embryonically active transcription units, cause an extreme neural hyperplasia (8) (9) (10) typical of neurogenic embryos (4) (5) (6) . Only one lethal complementation group, 1(3) gro, resides within the complex corresponding to transcription unit m9/10 (8, 11) . Its
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gene products share homology with the P subunit of mammalian guanine nucleotide-binding proteins (G proteins) (12) , however, since localized primarily in the nucleus (10) they most likely do not have a G-protein-like function in signal transduction. Genetically, 1(3) gro is separable from the neurogenic deletion phenotype, which appears to be a consequence of the concomitant loss of several presumably redundant genes (10, 13) . These seem to involve seven transcription units within the E(spl) complex (m3, mS, m7, m8, mA, mB, and mC) that are very similar at the sequence level and that all share the basic helix-loop-helix motif of transcriptional regulators (bHLH genes) (14) (15) (16) . Although none of these genes is required individually for the survival of Drosophila melanogaster flies (8, 11) , they seem to function collectively during neurogenesis, presumably constituting the E(spl) neurogenic function (10, 13, 15, 16) . The extent ofoverlap in function and specificity is still a matter of debate (10, 13) , and our independent genetic analyses suggest different specificities of the different genes (A.P. and D.M., unpublished data). In addition, even the expression domains of the various bHLH genes seem but partly overlapping (A.P., unpublished data; ref. 17) . Intermingled between the bHLH genes are five other embryonically active genes, which appear to be dispensable for fly survival (8, 11, 13) . No function can yet be ascribed to any of these genes and their location within the E(spl) gene complex might be purely incidental.
Altogether, the E(spl) gene complex is poorly defined: neither the components required for E(spl) function nor their relationships, as, for example, the necessity for a physical association, have been established. Evolution, we anticipated, would spotlight all the components indispensable for Drosophila neurogenesis and allow us to resolve the apparent complexity within the E(spl) locus. Therefore, the corresponding genomic regions were compared between the two Drosophila subgenera Sophophora and Drosophila, which separated =60 million years ago (18) , in the species D. melanogaster and Drosophila hydei. At an evolution rate of -1% base-pair substitution per million years per lineage (19) , no more but a random DNA similarity should be discovered between the species. Therefore, any detectable conservation might reflect functional significance, as demonstrated previously (20) (21) (22) .
One major focus was to examine the overall organization of the E(spl) homologous region in D. hydei by exploring the physical association of these genes and determining which of the many transcription units remained in place. The other focus concentrated on number and arrangement of the seven Abbreviation: bHLH, basic helix-loop-helix. (25) . DNA fragments were isolated from D. melanogaster subclones (8) or cDNAs (12) and radiolabeled to high specificity by random priming (26) . All these fragments are indicated in Fig. 2 . Stringency conditions were as follows: hybridizations were performed at 42°C in 5x SSPE (lx SSPE = 0.18 M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA)/5x Denhardt's solution/0.1 mg of sheared and boiled salmon sperm DNA per ml/0.1% SDS/formamide at variable concentrations (high stringency, 50%; medium stringency, 40%). Washes were always performed at 50°C in solutions containing 0.2% SDS plus 0.2x SSPE (high stringency) and 2x SSPE (medium stringency) (23) . Genomic localization was determined by hybridizing total D. hydei A phage DNA (clone A Dh2; see Fig. 2b ) in situ onto salivary gland polytene chromosomes (27) dissected from climbing D. hydei larvae, by consulting the maps ofrefs. 28 and 29. For Northern blot analysis, total RNA was isolated from D. hydei embryos as described (30) , separated in a formaldehyde gel, and transferred onto nitrocellulose as described (23) . In situ hybridization of mRNA in wholemount embryos (31) was performed with probes labeled with digoxigenin according to the protocol provided by the manufacturer (Boehringer Mannheim) with modifications detailed in ref. 25 . Single-and double-stranded subclones created by nested deletions (32) were sequenced by the chain-termination method (33) using modified T7 polymerase (34) The overall organization of the D. hydei E(spl) gene complex is extremely similar to that ofD. melanogaster (Fig.  2) . To every single transcription unit known so far in D. melanogaster, the homologue could be identified by crosshybridization in D. hydei at a nearly identical position (Fig.  2b , solid and hatched boxes). Signal intensities varied according to the degree of conservation, which was highest for the 1(3) gro gene (transcription unit m9/10) and lowest for transcription units ml and m6 ( Fig. 1 and 2) . Also, homologues to every single bHLH gene (m8, m7, m5, m3, mA, mB, and mC) were identified by virtue of strong crosshybridization, arranged in the same order and approximate distance as in D. melanogaster (Fig. 2, solid boxes) . The great sequence similarity among the D. melanogaster bHLH genes (15) (16) (17) suggests that these genes originally arose by gene duplication. The high conservation of number, order, and spacing of the bHLH gene homologues in D. hydei strongly indicates that this duplication occurred before the radiation of the two Drosophila subgenera. The similarity between the E(spl) homologous regions extends even beyond transcribed segments, since genomic sequences that are noncoding in D. melanogaster were easily detected under medium-stringency conditions in D. hydei at the corresponding positions (Fig. 2b, stippled boxes) . Overall, the E(spl) gene complex of D. hydei is -5 kb larger mainly because the D. hydei gene homologues ml-m4 are more dispersed (Fig.  2) . This high degree of conservation was rather unexpected since all of these transcription units except m9/10, which corresponds to the 1(3) gro gene, are nonessential for D. melanogaster fly survival (8, 10, 11, 13) . Therefore, these genes were expected to be under little evolutionary constraint.
Conservation of Gene Activity and Gene Structure. The transcriptional activity within the D. hydei E(spl) gene com- (Fig. 5) . As expected, the highest similarity is found in domains also conserved between the other E(spl) bHLH members. However, conservation extends much further-e.g., into another large domain at the C terminus, which is quite diverged in m5 and m7 and no longer detectable in mC (Fig. 5) . Common to the D. hydei m8 homologue are the last four amino acids at the C terminus (Trp-Aig-Pro-Trp) and a conspicuous proline residue in the basic domain (arrow) typical of all E(spl) bHLH genes (15) (16) (17) and also found in the D. melanogaster inhibitory protein hairy (38) and the panneural gene deadpan (39) . This high degree of similarity between the D. melanogaster and the D. hydei m8 homologues supports the idea of conservation of m8-specific functions different from the related functions of E(spl) bHLH proteins.
CONCLUSIONS
Our results suggest that the seven E(spl) bHLH genes derived from a single ancestral gene before the divergence of the two subgenera Drosophila and Sophophora. It is quite puzzling to find such a large number of similar genes with postulated redundant functions involved in neurogenesis. Even more surprising is that neither number nor arrangement has changed in the course of -60 million years of evolution. This is in contrast to the histone gene cluster, which contains variable gene copy numbers and is found at unrelated genomic locations comparing different Drosophila species (ref. 40 
Comparison of E(spl) m8 homologues. Deduced amino acid sequences of the D. hydei m8 homologue (h8) was compared with that of the D. melanogaster bHLH genes m8, mS, m7, and mC, representatives of the three E(spl) bHLH gene classes (16) . Amino acids identical to the m8 homologues are boxed. E(spl) m8 homologues m8 and h8 are most alike with 77% identity at the amino acid level. The bHLH domain is extremely similar (note the single amino acid exchanges in the basic domain and in helix I and helix II). Also, the second common domain is strikingly well conserved with only three conservative amino acid exchanges. A third m8-specific domain is detected at the C terminus.
Furthermore, the length of the highly variable spacers linking the conserved domains is remarkably similar in the two m8 homologues. All other D. melanogaster bHLH genes are much more divergent. therefore, as diverged from D. melanogaster (18) . Accordingly, we expected a similar extent of variation in the E(spl) complex between the two species. The high degree of conservation, however, strongly suggests that the E(spl) bHLH gene products have in fact different specificities and are not redundant. This assumption is supported by our independent genetic analyses of the D. melanogaster E(spl) complex. Originally, redundancy in E(spl) was postulated since only large deletions but not point mutations could evoke the neurogenic phenotype (8, 11) . Point mutations in E(spl) bHLH genes, however, might cause too subtle phenotypes to be detected. Such defects could be restricted to single cells due to overlapping expression domains and similar biochemical properties ofthe encoded gene products. Considering the activity of some of these genes during imaginal development, mutations could also have behavioral consequences. This is in line with the considerations of Brookfield (42), who pointed out that true genetic redundancy, in an evolutionary sense, is impossible, even though functional redundancy of gene products in a given cell may not be unlikely. Since the bHLH genes seem to constitute E(spl) neurogenic function, one might as well define the E(spl) complex only by these genes (13, 17) , thereby implying that none of the others contributes to its function. The 1(3) gro gene, however, is also required for proper neurogenesis (8, 11, 13) , although it might act independently of the E(spl) bHLH genes. We favor the extension ofthe E(spl) gene complex toward 1(3) gro since the association of these genes has been conserved during evolution. High conservation was expected for the 1(3) gro gene, which has homologues in human (43), but not for the other five embryonically active transcription units located within the gene complex, which are still without attributed function. It remains unknown whether their gene products are directly or indirectly involved in nervous system formation-e.g., by controlling bHLH gene activity. Similarly, the other well conserved, apparently noncoding, sequences in this region could harbor regulatory functions (22) or other as yet unidentified genes. The extremely high conservation in the organization of this region, however, argues that all these genes exert specific functions and that the complex might in fact work as a single unit.
